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ABSTRACT
Finite Element Analysis of a Projectile During Gun Launch
by
Kumarswamy Karpanan Nakalswamy
Dr. Brendan J. O ’Toole, Examination Committee Chair 
Associate Professor of M echanical Engineering 
University of Nevada, Las Vegas
The air gun test is a possible way to study the transient shock environment that a 
projectile is anticipated to encounter in an actual field test. The air gun test simulates the 
real gun test in a controlled environment by firing the projectile into an energy absorbing 
material like aluminum honeycomb. This thesis presents the use o f Lagrangian and 
Arbitrary Lagrangian and Eulerian method in simulating the gun launch dynamics o f a 
generic artillery component subjected to launch simulation in an air gun test. The 
aluminum honeycomb absorbs the kinetic energy o f a projectile by deforming plastically. 
There are many material models for simulating aluminum honeycomb material in LS- 
DYNA. The M AT_CRUSHABLE_FOAM  and M AT_MODIFIED_CRUSHABLE_ 
FOAM material models are used for simulating the aluminum honeycomb. Four strike 
face geometry for aluminum honeycomb mitigator is studied - fiat, double wedge, single 
wedge, and pyramid shape. The critical factors such as yield strength o f the honeycomb 
and mass o f momentum exchange mass (MEM - secondary energy absorbing device).
111
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which affect the dynamic response o f projectile are studied. The acceleration, velocity 
and displacement o f the projectile are compared to experiment results.
IV
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CHAPTER 1
INTRODUCTION
1.1 Background
Most traditional munitions fired from large guns are usually “dumb” projectiles. 
They can be as simple as an inert mass of material made in an aerodynamic shape with or 
without an additional payload that is set off at impact. Many munitions have been in 
service for centuries and their design and performance characteristics are well 
understood. All new weapons systems under consideration by the U.S. Army will make 
use of smart projectiles that include electronic components for sensing, guidance, control, 
and/or targeting. The development o f reliable electronic components that can survive the 
high-g accelerations during launch is critical to the success o f future weapons systems.
New electronic components that have been hardened for high-g loading must be 
fully tested before being deployed. Testing can be conducted at several levels: electronic 
component and subcomponent laboratory tests, surrogate projectiles containing 
electronics fired in laboratory air guns, or field testing o f prototype projectiles in real gun 
launch experiments. Laboratory airgun experiments are preferred over field gun 
experiments for preliminary tests because the environment is more controlled, the testing 
is simpler, and it is less expensive. The airgun experiments should be able to simulate the 
launch environment observed in actual field experiments.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.2 Air Gun Testing Overview
The real gun test is a complicated procedure to test the shock phenomenon 
endured by the projectile because the new electronic component being tested must be 
mounted in an actual projectile, fired from  a gun, and recovered from  a target area. The 
air gun test is one possible way to study the transient shock environment that the 
projectile is anticipated to encounter in an actual field test. This test simulates the real 
gun test in a controlled environment by firing the projectile on an energy-absorbing 
material like aluminum honeycomb.
Airgun tests have been conducted at U.S. Army Research Laboratory (ARL) in 
Adelphi MD for various projectiles and energy absorbing materials. The test set-up 
consists o f an air gun, pressure tube, catch tube and the M EM  (momentum exchange 
mass - secondary energy absorbing device). The test projectile, which is placed inside the 
pressure tube, is launched into a catch tube where it impacts an aluminum honeycomb 
mitigator. The test projectile has an onboard recorder (OBR) capable of collecting 4-6 
channels o f acceleration or strain gauge data. Several accelerometers and strain gauge are 
attached to the OBR. The deceleration profile o f the projectile as it impacts the mitigator 
material during the airgun test can be similar to the acceleration profile o f an actual field 
gun launch if the airgun test is designed properly. The airgun experimental variables that 
affect the deceleration profile o f the projectile include: the geometry and mass o f the 
projectile, honeycomb mitigator, gun tube, and momentum exchange mass (MEM), the 
mechanical properties o f the honeycomb material, the shape o f the mitigator material, and 
the impact velocity.
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1.3 Simulation o f Airgun Testing 
It is important to be able to simulate the airgun experiment to gain a better 
understanding o f the effect o f test variables on the response o f the component being 
evaluated. Simulation results can provide input as to the proper placement o f sensors, and 
the selection o f test variables to achieve the desired accelerations.
Ala Tabiei and Mostafiz R. C. [1] carried out numerical simulation o f an air gun 
test using LS-DYNA. In this paper, the tip shape or the strike face geometry o f the 
aluminum honeycomb is a double wedge. The ability to numerically simulate the 
dynamic response of the test projectile will allow the physical operating parameters of the 
gun test environment to be tuned to achieve the specific dynamic profile for which the 
projectile has been tested. The acceleration response of a point on the projectile was 
simulated successfully using both Lagrangian and Arbitrary Lagrangian and Eulerian 
approaches.
1.4 Honeycomb as an Energy Absorbing M aterial 
The design of a successful airgun experiment and the simulation o f that 
experiment require a thorough understanding of the large deformation, nonlinear dynamic 
properties o f honeycomb materials. Honeycomb is an efficient energy absorbing material 
with limited force transmissions. Aluminum honeycomb is a structure made up o f 
hexagonal aluminum foil cells. It derives its name from its close resemblance to a bee 
honeycomb, though there is no variation in the depth direction. The honeycombs o f 
hexagonal cell structure are characterized by considerable rigidity in shear, high crushing
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
stress, almost constant crushing force, long stroke, low weight and relative insensibility 
to local loss o f stability.
Initial models developed to predict the approximate crushing stress o f hexagonal 
cell structures subjected to axial loading were semi-empirical [2]. An energy based 
analytical method in conjunction with a plastic flow minimum principle for determining 
the crushing strength is more accurate [3].
Figure 1-1 Honeycomb construction
Earlier experimental results indicate that when honeycomb specimen are loaded 
quasi-statically and dynamically, they can exhibit a sharply rising peak load, followed by 
a series o f oscillatory crush loads with a nearly constant mean value [4]. The crush 
strength of a honeycomb structure is directly related to its energy absorbing capability. 
The average dynamic crush strength is in the range of 1.33 to 1.74 times o f that obtained 
under quasi-static loading conditions. This increase can be attributed to more complicated 
and compacted plastic folding mechanisms during dynamic loading, the inertial effect 
and the strain-rate effect. The crush strength also varies with the striking velocity o f the 
impactor. Experimental demonstration o f strain-rate dependence through stress- 
deformation curves and the energy-absorption characteristics o f metal honeycombs at
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varying initial strain rates up to 2000/sec are available [5]. The collapse for the aluminum 
honeycomb is seen to initiate at only one o f the surfaces, and then propagates uniformly 
along the length.
Aluminum honeycomb has three principal directions due to its composure of 
corrugated and flat aluminum sheets. The hexagonal aluminum honeycombs are 
fabricated in an expansion process [6], during which adhesive is applied between layers 
o f a stack of thin aluminum sheets in a certain pattern such that hexagonal shapes are 
formed as expansion is applied. Each hexagonal cell has two double thickness walls with 
the adhesive in between, and the double walls are shared with the adjacent cells. They are 
anisotropic materials having the direction parallel to their cell prisms particularly strong. 
The direction that is parallel to the hexagonal cell prisms is referred as to the T-direction, 
as illustrated in Figure 1-3. On the plane that is perpendicular to the T-direction, the 
direction parallel to the double cell walls is referred as to the L-direction, and the one 
perpendicular to the double cell walls is referred to as the W-direction.
Figure 1-2 Photograph o f the 1.8% relative density hexagonal honeycomb [9]
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Single w all
D ouble w all
Figure 1-3 Micro structural geometry of a hexagonal honeycomb
A characteristic feature o f a honeycomb micro structure is its orthotropy. The 
cellular micro structure of a honeycomb comprises a network of joined, parallel, thin- 
walled tubes with a given cross-sectional profile [6]. For a hexagonal honeycomb, the 
initial orthotropy directions may be denoted as the W, L, and T -  directions as shown in 
Figure 1-3). The T -direction, also known as the out-of-plane direction, is aligned with 
the axis o f the thin-walled tubes. The additional two directions, the so-called in-plane 
directions (W and L), denote the ribbon and length directions o f the hexagonal cross- 
section, respectively. The elastic stiffness in the W  -  and L-directions as well as the 
stiffness for shear loading in the W  - L  plane are typically by one to two orders of 
magnitudes lower than those with respect to the out-of-plane direction (that includes 
normal loading in the T -direction and shear loading in the T -W  and T -L  planes). The 
stress levels during plastic loading may be described in a similar manner. A typical 
honeycomb deforms plastically at a stress o f 0.02 M pa when loaded in the W  -direction. 
However, a stress o f about 0.9 M pa is required to crush the honeycomb along the T -
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7direction. This observation leads to an essential assumption that is the internal energy 
variation under in-plane loading is negligibly small as compared to that under out-of­
plane loading. It is worth noting that many previous studies on honeycombs dealt with 
the in-plane response. Such studies were mainly carried-out in order to gain 
understanding on the mechanical response o f metal foams [6]. The Figure 1-4 shows the 
aluminum honeycomb test specimen compressed in T-direction and the Figure 1-5 shows 
the compressed aluminum specimen in W  and L direction respectively.
Figure 1-4 A typical post-test specimen o f compression in T-direction [6]
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Figure 1-5 Post-test specimens of in-plane compression (Compression in W -direction and 
L-direction) [6]
The typical mechanical response o f a honeycomb under uniaxial compression in 
the T -direction is shown in Figure 1-6. In the elastic regime, the stress-strain curve is 
initially linear, but becomes non-linear at the later stages due to elastic buckling of the 
cellular microstructure. When the local stresses in the cell walls exceed the yield 
threshold, the elastic regime ends and the honeycomb micro structure collapses. This 
point is characterized by a peak stress that is followed by a short softening regime 
preceding the crushing regime. In the crushing regime, the cell walls are progressively 
folded. The folding process is mirrored in the macroscopic stress-strain curve by small 
fluctuations around a constant stress plateau. The crushing regime persists over a wide 
range o f strains until the entire micro structure is folded and the stress rises as the folded 
micro structure is densified. A similar response is observed under combinations o f
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
compressive and shear loading along the T and W  -  directions, respectively however at 
different stress levels. It is important to note that deformation localizes within the 
honeycomb microstructure as compressive loads are applied along the T -direction. For 
in-plane problems involving miero structural deformation meehanisms that result in an 
unstable macroscopically heterogeneous material, two-scale theories or special 
homogenization methods may be used to develop the constitutive model for the material.
Collapse
Densification
Nonlinear
Elastic Softening
I- - - -tt
Crushing
Regime
Densification
Regime
Linear
Elastic
Compressive Strain
Figure 1-6 Characteristic stress -  strain eurve for metallic honeycomb under uniaxial 
compression along the T -direction.
The orthotropic crush constitutive algorithm is an available model to simulate the 
orthotropic deformation and crush o f the aluminum honeycomb [7]. This algorithm is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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composed o f three zones o f constitutive behavior as shown in Figure 1-7. Zone 1 
represents an initial linear elastic loading phase. Zone 2 contains all the permanent 
volumetric crush displayed by the model and begins when the applied stress, in any 
direction, exceed the crush strength which must be defined as a function o f volumetric 
strain in each direction. Zone 2a is a typical constant crush value versus volumetric strain 
region and zone 2b represents a hardening portion of the curve prior to the full 
compaction that initiates zone 3. The zone 3 constitutive model is an isotropic and 
incompressible elastic-perfectly plastic constitutive model. These three zones o f the 
orthotropic crush model provide the flexibility and modeling power to handle large 
amounts o f effectively uncoupled uniaxial strain behavior. The orthotropic crush model, 
however, does not include temperature effects [7].
Densification
2B
Plateau (Plastic Yielding)2A
Linear Elasticity (Bending)
0 CStrain (g) 1
Figure 1-7 Typical stress strain curves for honeycomb material in compression
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Almost all energy absorption is done in the crush zone 2. Three model parameters 
are required to describe zone 2 in each direction. Crush strength and crush efficiency in 
zone 2a and hardening modulus in zone 2b. Crush efficiency is defined as the volumetric 
strain that initiates the hardening portion o f zone 2b. In large deformation analyses of 
structures that involve honeycomb components, the force and displacement results 
depend strongly on zone 2 parameters.
Figure 1-8 Deformation profiles o f honeycomb specimens subjected to uniaxial impact 
loading conditions [8]
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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1.5 Theory o f Computational Analysis 
Computational procedures based on the finite-element method are now well 
established in many branches o f engineering and science, for linear and nonlinear 
applications. The increasing acceptance o f such approaches within both research and 
industrial environments is due to improved awareness, enhanced maturity o f 
computational models and associated algorithms and, more importantly, dramatic 
increases in computational power/cost ratios [14].
Although the roots o f the finite-element process can be traced back to the early 
1940s and beyond (Courant 1943, Argyris 1954, 1955), the first publication that closely 
resembles its present form appeared in 1956 (Turner et al 1956) and the word ‘Finite 
Elem ent’ was coined in 1960 (Clough 1960). Early research was exclusively related to 
structural problems, with application to other fields, for example heat and fluid flow, only 
emerging in the late 1960s and 70s. Procedures for the treatment of a wide range of 
problems are now well established and can be found in standard texts such as Bathe 
(1996), Crisfield (1991, 1997), Gerhard A. Holzapfel (2000), Hughes (1987), Oden 
(1972) and Zienkiewicz and Taylor (1989, 1991).
In contrast to the more traditional discretization methods, such as the finite- 
difference method (EDM), which are based on a ‘strong’ formulation whereby direct 
approximation o f the governing differential equations is performed, the FEM is based on 
a weak, or variational (integral), formulation o f the boundary or initial value problem. 
Consequently, the solution may be obtained by summing up the integral contributions 
over parts of the domain (finite elements) with much weaker conditions required in terms 
of the regularity o f the prescribed data and solution than would be required in the FDM.
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The solution domain can be decomposed into a sum o f contributions coming from  an 
arbitrary number o f finite elements with, significantly, the basic variables o f the problem 
described in terms o f simple polynomial approximations over a local finite-clement sub- 
domain that may have arbitrary geometry.
Nonlinear finite element analysis is an essential component o f computer-aided 
design. Testing o f prototypes is increasingly being replaced by simulation with nonlinear 
finite element methods because this provides a more rapid and less expensive way to 
evaluate design concepts and design details. The selection o f an appropriate mesh 
description, i.e. whether a Lagrangian, Eulerian or arbitrary Lagrangian Eulerian mesh is 
used, is very important for many o f the large deformation problems encountered in 
process simulation and failure analysis [10].
Lagranian DMCiiptioii
é -
Figure 1-9 Space-time depictions of one-dimensional Lagrangian elements. [10]
The Lagrangian meshes can be seen in this simple one-dimensional case shown in 
Figure 1-9. Since the nodes are coincident with material points in the Lagrangian mesh.
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boundary nodes remain on the boundary throughout the evolution o f the problem. This 
simplifies the imposition o f boundary conditions in Lagrangian meshes.
In Lagrangian meshes, since the material points remain coincident with mesh 
points, the elements deform with the material. Therefore, elements in a Lagrangian mesh 
can become severely distorted. This effect is apparent in a one-dimensional problem only 
in the element lengths. In multi-dimensional problems, these effects are far more severe, 
and elements can get very distorted. Since element accuracy degrades with distortion, the 
magnitude o f deformation that can be simulated with a Lagrangian mesh is limited.
In Lagrangian meshes, the nodes and elements move with the material. 
Boundaries and interfaces remain coincident with element edges, so that their treatment is 
simplified. Quadrature points also move with the material, so constitutive equations are 
always evaluated at the same material points, which is advantageous for history 
dependent materials. For these reasons, Lagrangian meshes are widely used for solid 
mechanics [10].
Finite element discretizations with Lagrangian meshes are commonly classified as 
updated Lagrangian formulations and total Lagrangian formulations. Both formulations 
use Lagrangian descriptions, i.e. the dependent variables are functions o f the material 
(Lagrangian) coordinates and time. In the updated Lagrangian formulation, the 
derivatives are with respect to the spatial (Fulerian) coordinates; the weak form involves 
integrals over the deformed (or current) configuration. In the total Lagrangian 
formulation, the weak form involves integrals over the initial (reference) configuration 
and derivatives are taken with respect to the material coordinates.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
15
Governing equations
The governing equations for the mechanical behavior o f a continuous body are:
1. Conservation o f mass (or matter)
pJ = Poh=Po
2. Conservation o f linear momentum and angular momentum
d f ,,
+ P (P i -  P o ^ ‘a x  y
3. Conservation o f energy
P q W =  Fÿ Fy, -  + P qS
4. Constitutive equations
P  = S F ^
5.  Strain-displacement equations
where
p  = Current density
Po = Original density
=Determinant o f jacobian between spatial and material co-ordinates
P = Nominal stress 
F = Deformation gradient 
F  = Green strain tensor 
W = work
S = Second piola-Kirchhoff (PK2) stress
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q = Heat flux 
U = Right stretch tensor
ô y  = Kronecker delta
1.6 Objective o f the Research
The current project was undertaken as a cooperative venture between the 
University o f Nevada, Las Vegas (UNLV) and the Army Research Laboratories (ARL). 
The goal is to study the transient shock environment that the projectile is anticipated to 
encounter in an actual field test. Air gun test is a possible way to simulate the real gun 
test in a controlled environment by firing the projectile on an energy absorbing material 
like aluminum honeycomb.
The objective o f this project is to:
a) Determine an accurate and efficient method for simulating an airgun 
experiment.
b) Study the effect of experimental variables on the behavior of projectile. The 
variables under consideration include:
i.Strike face geometry o f honeycomb
ii. Yield strength o f honeycomb material,
iii.Mass of MEM
iv.Different material models in LS-DYNA are studied
c) Determine if the computational analysis can be used to design an experiment 
to achieve a particular acceleration response.
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1.7 Approach
This project presents the development o f explicit finite element method to 
simulate the air gun test to study the dynamic response o f the projectile impacting on the 
energy absorbing material with various strike face geometries for aluminum honeycomb 
mitigator such as flat, single wedge, pyramid and double wedge shape. These LS DYNA 
models simulate an air gun launch environment in which a test object mounted on a 
projectile is fired through the air gun and decelerated by crushing aluminum honeycomb 
mitigator which impacts the momentum exchange mass (MEM) before being stopped at 
the retrieving end. The effects o f various critical factors like yield strength o f the 
honeycomb and mass of MEM, which affect the dynamic response o f projectile, are 
studied.
Several LS-DYNA models o f a generic test article fired in a 101.6mm (4 in) air 
gun chamber are developed in this study. Control test data for a test item mounted on a 
projectile is used for model validation and correlation. Simulation o f the air gun launch 
environment requires the modeling o f an event in which the test object mounted on a 
projectile is launched and decelerated when it crushes an aluminum honeycomb mitigator 
in the recovery chamber. Lagrangian and ALE formulation are used for simulation.
LS DYNA solver has several material models for simulating aluminum 
honeycomb mitigator - *MAT_MODIFIED_HONEYCOMB, *MAT_CRUSHABLE_ 
FOAM, and *M AT_MODIFIED_CRUSHABLE_FOAM. The crushable foam and 
modified crushable foam material models are used for simulating the aluminum 
honeycomb mitigator behavior in this project. These material models simulate an 
isotropic crushable behavior o f an uncoupled system. Most of the aluminum honeycomb
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material in the air gun simulation is crushed axially. Therefore crushable foam material 
model is appropriate for this simulation. Stress verses volumetric strain relationship is 
used to formulate the crushable foam model. Altair Hypermesh is used in modeling and 
meshing the air gun simulation.
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CHAPTER 2
DESCRIPTION OF ARL AIR GUN EXPERIMENTS
2.1 ARL Air Gun Test Facility 
The Figure 2-1 shows a typical air gun test facility conducted at the Army 
Research Laboratory (ARL). It includes a stationary gun barrel, a projectile, an aluminum 
honeycomb mitigator and a secondary energy-absorbing device - M EM at the recovery 
end. In a typical air gun mitigation test, the projectile carrying the artillery components to 
be tested is launched to impact on an aluminum honeycomb mitigator at the recovery 
chamber. Upon impact with the mitigator, the kinetic energy o f the projectile is reduced 
as the mitigator crushes. The crushed mitigator in turn exchanges its momentum with a 
MEM, a secondary energy-absorbing device.
Projectile 
Test Item
O BR (On Board Recorder)
Test Item is mounted on OBR case
Gun Barrel 
(4 in. Diameter)
Recovery Device
AL Honeycomb 
Mitigator
Momentum 
Exchange 
Mass (MEM)
Figure 2-1 Schematic diagram of air gun test
17
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2.2 Projectile Description 
The projectile is an aluminum hollow cylinder with outer diameter o f 101.09-mm. 
The wall thickness and length o f the projectile are 12.7 mm and 152.4 mm. The projectile 
consists o f a rectangular aluminum plate (101mm x 76.2 mm x 12.7 mm) fixed on its top, 
which serves as the mounting for accelerometers. The total mass o f projectile along with 
the plate is 3.75 kg. The projectile along with the test item is shown in Figure 2.2. The 
aluminum honeycomb mitigator is stationed inside a catch tube, whose diameter is 101.6 
mm. The density of aluminum honeycomb is 608.7 kg/m^. The striking end o f the 
mitigator has two sharp wedges o f length 38.1mm. The outer diameter and length o f 
mitigator are 98.3 mm and 256.4 mm respectively as shown in Figure 2-3. The MEM at 
the recovery end o f the mitigator weighs about 31.3 kg. When the projectile strikes the 
mitigator, the projectile remains trapped in the catch tube, while the mitigator crushes and 
MEM displaces.
101 mm
152.4 mm
101.09 mm
Figure 2-2 Cross sectional view o f projectile
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38.1 mm
25 mm ^
98.3mm
î
Aluminum mitigator
256.54 mm
Figure 2-3 Honeycomb mitigator and MEM
The Figure 2-4 shows the test set-up for air gun. The aluminum mitigator is 
placed inside a catch tube. The catch tube is split into two halves and during the 
experiment the two halves o f the catch tube are joined using the tie rods. The Figure 2-5 
shows the test projectile and the instrument locations for which the data were recorded 
using an on-board 12-bit, 4 channel high shock analog recorder placed inside the OBR 
case. Two accelerometers and two strain gauges were mounted on the test item. The 
analog recorder was shock isolated inside the canister by the suspension of the device 
over glass beads and the canister being densely packed once the top mount had been 
assembled.
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Mitigator I f  ^
M EM
Olien Catch Tube
Figure 2-4 Air gun test showing mitigator, MEM and catch tube [1]
I est I t e m
n
Figure 2-5 Projectile along with accelerometer and strain gauges [1]
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CHAPTER 3
PEA MODELING
3.1 Unit System
A consistent set o f units is specified and used for all computational modeling. The 
units used in the FEA models are;
Force: Newtons (N)
Length: millimeters (mm)
Mass: ton
Time: sec
A compatibility check for the units used can be conducted by using the definition 
o f force according to Newton’s second Law.
By Newton’s II law we have 
F = m * a
In SI system, the force, mass and acceleration units are N, Kg, and m/s^ respectively. 
Therefore N=Kg * m/s^
N= (1*10'^) ton * (1*10^) mm/s^
N  — ton * mm/s^
Therefore the units used are compatible.
22
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3.2 Meshing and Element Types 
The finite element model of the Lagrangian set-up is shown in Figure 3-1. Altair 
Hypermesh is used for modeling and meshing the air gun test. The catch tube (outer 
cover) is masked to view the projectile and aluminum mitigator. The model consists o f 
the catch tube, the projectile, the OBR, aluminum mitigator and the MEM. The density o f 
the projectile and MEM  are adjusted so that the mass is equal to the mass o f the 
experimental projectile. The FEM model consists of 21,640 elements.
uncycomb nunsator
Figure 3-1 Finite element model of air gun test
Response o f the projectile during the air gun test also depends on the striking face 
of honeycomb material. Four striking faces for honeycomb material have been studied. 
They are double wedge, flat, single wedge and pyramid shape which are shown in Figure 
3-2 and Figure 3-3. The blue color solid in these figures is the honeycomb mitigator and 
the red color solid is the projectile. All these four FEM models are identical in respect to
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projectile, M EM  and cover. The only difference is the geometry o f  the honeycomb 
mitigator. There are slight variations in honeycomb mass and volume.
Figure 3-2 Double wedge and flat honeycomb models
Figure 3-3 Single wedge and pyramid shape honeycomb models
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3.3 Contact Surfaces
SURFACE_TO_SURFACE contact in LS-DYNA is used in these models. Seven 
contact surfaces are defined for the double wedge model and four contact surfaces are 
modeled for flat, single wedge, and pyramid shaped honeycomb models. A contact 
surface is defined between the projectile and the honeycomb, the honeycomb and the 
MEM, the projectile and the catch tube and finally between catch tube and honeycomb. 
For the double wedge model additional contacts are defined between the two wedges and 
the projectile. Figure 3-4 shows the double wedge model along with contact surfaces. 
Contact surfaces are defined using set-segment card. Using set-segment card the contaet 
is created only on the surface elements. Contact surfaces can also be defined using part 
ID, which defines the contact, o f all the elements in one component to all the elements in 
another component. Defining contact using part ID has a disadvantage. This takes more 
CPU time.
_ -J-
Figure 3-4 Cross-sectional view of air gun setup showing contact surfaces
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ID Contact LS-DYNA contact type
Contact
Definition
1 Projectile - Catch tube
*CONTACT_SURFACE_TO_
SURFACE SET_SEGM NET
2
Projectile - Honeycomb outer 
wedge
*CONTACT_SURFACE_TO_
SURFACE SET_SEGM NET
3
Projectile - Honeycomb left 
wedge
*CONTACT_SURFACE_TO_
SURFACE SET_SEGM NET
4
Projectile - Honeycomb right 
wedge
*CONTACT_SURFACE_TO_
SURFACE SET_SEGM NET
5
Honey comb left - right 
wedges
*CONTACT_SURFACE_TO_
SURFACE SET_SEGMNET
6 Honeycomb - MEM
*CONTACT_SURFACE_TO_
SURFACE SET_SEGM NET
7 Honeycomb - Catch tube
*CONTACT_SURFACE_TO_
SURFACE SET_SEGMNET
Table 3-1 Description o f contact surfaces
3.4 Material Properties 
Table 3-2 gives the brief description o f the airgun test components. The projectile 
is made o f aluminum 6061 T6. The MEM is a steel cylinder o f mass 31.3 kg. The MEM 
is modeled as cylindrical plate o f thickness 10mm and the density o f the material is 
increased so that it matches with the experimental mass. The catch tube is a steel 
cylinder, which is modeled using shell elements. The MEM and the eatch tube are 
modeled as a rigid material. Table 3-3 gives the LS-DYNA material card used for 
defining the material properties o f the airgun test components.
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Component Material Element type LS DYNA Material model
Projectile Aluminum Hexahedral *MAT_PLASTIC_KINEMATIC
Honeycomb mitigator Aluminum Hexahedral *MAT_PLASTIC_KINEMATIC
MEM Steel Hexahedral *MAT_RIGID
Catch tube Steel Shell *MAT_RIGID
Table 3-2 Description o f air gun test components
*HAT_PLASTIC_KINEHATIC
SHass_projectile
mid ro e pr sigy etan beta
1 4.0040E-9 72000.000 0.300000 505.00000 0.0 0.0
src srp fs vp
0.0 0.0 0.0 0.0
*HAT_RIGID
SHass_HEH
3# mid ro e pr n couple m alias
4 1.0490E-7 2.1000E+5 0.300000 0.0 0.0 0.0
3# cmo conl con2
1.000000
3#lco or al a2 a3 vl v2 v3
0.0 0.0 0.0 0.0 0.0 0.0
*HAT_RIGID
3HHWAHE MATS 2raat cover
3# mid ro e pr n couple m. alias
2 1.1060E-7 2.1000E+5 0.300000 0.0 0.0 0.0
3# cmo conl con2
1.000000
3#lco or al a2 a3 vl v2 v3
0.0 0.0 0.0 0.0 0.0 0.0
33SSSS?ÎSÎ33SS33S5?SÎÎS?SS5SÎÎSS5ÎS33Î?ÎÎ5$$3$33SÎ3ÎÎ5ÎSÎ5$SSÎ53S35SSÎÎS$î ?5ÎÎ5S
Table 3-3 LS-DYNA material models
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CHAPTER 4
HONEYCOMB M ATERIAL MODELING 
LS-DYNA solver has several material models for simulating aluminum 
honeycomb mitigator, such as - *MAT_HONEYCOMB, *M AT_CRUSHABLE_ 
FOAM, *MAT_MODIFIED_CRUSHABLE_FOAM, and *M AT_MODIEIED_ 
HONEYCOMB. The crushable foam and modified crushable foam material models are 
used for simulating the aluminum honeycomb mitigator behavior in the air gun test. 
These material models simulate an isotropic crushable behavior o f an uncoupled system. 
The LS-DYNA honeycomb material models can be used modeling the honeycomb and 
foam materials with real anisotropic behavior. Honeycomb material in the airgun test is 
crushed axially. Therefore crushable foam material models are used in airgun test for 
simulating honeycomb mitigator.
Hanssen et al. (2002) concluded that the different models for metallic foams 
available in LS-DYNA in 2002 were not able to predict the behavior o f different 
experimental verification tests. One o f the reasons for the discrepancy between 
experimental and numerical results was the lack of a suitable fracture eriterion.
Several challenges exist in the material modeling o f foam since it is a cellular 
material. Contrary to metals, which sustain the same volume when loaded, the volume 
changes for foams during loading. The material model should therefore include the 
possibility o f failure under hydrostatic loading conditions. Another important
29
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characteristic o f aluminum foam is the inhomogeneity o f the pores, which are o f different 
sizes and are not distributed evenly [ ]. A few approaches to model the inhomogeneities 
o f foam can be found in the literature (Daxner et al. 1999, Gradinger and Rammerstorfer 
1999, Meguid et al. 2002).
Several constitutive models for foams exist in the literature (Schreyer et al. 1994, 
Zhang et al. 1997, Ehlers 1999, Deshpande and Fleck 2000 and M iller 2000). Some of 
them are quite simple; others are more complicated with several material parameters.
The yield criterion presented by Deshpande and Fleck (2000) can be regarded as 
an extension o f the von Mises yield criterion, where the hydrostatic stresses are 
incorporated in the equivalent stress. Because o f  simplicity, the Deshpande-Fleck model 
was chosen for implementation in LS-DYNA
4.1 Crushable Foam M aterial M odel (Material Type -  63)
The crushable foam material model from Hallguist [11] is used for modeling 
crushable foams in side impact and other applications, where cyclic behavior is 
unimportant. This isotropic foam model crushes one-dimensionally with Poisson’s ratio 
that is essentially zero.
The stress versus strain behavior is shown in Figure 4-1 where an example o f 
unloading from point ‘a ’ to the tension cutoff stress at ‘b ’ then unloading to point ‘c ’ and 
finally reloading to point ‘d ’ is shown. At point d the reloading will continue along the 
loading curve. It is important to use non-zero values for the tension cutoff to prevent the 
disintegration o f the material under small tensile loads. For high value o f tension cutoff 
the behavior of the material will be similar in tension and compression.
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V olum etric strain — In F
Figure 4-1 Stress verses volumetric strain plot of crushable foam material model [12]
In the implementation we assume that Y oung’s modulus is constant and update 
the stress assuming an elastic behavior [12].
( J
The magnitude o f the principal values, (7y , i  = 1,3 are then checked to see if the 
yield stress, <7^  is exceeded and if so they are scaled back to the yield surface, 
thenIf < trial
ar' =  cr ^
trial
y
After the principal values are scaled, the stress tensor is transformed back into the 
global system.
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4.2 Modified Crushable Foam Material Model (Material Type -  163)
This material is an extension o f crushable foam material model and is dedicated to 
modeling crushable foam with optional damping, tension cutoff, and strain rate effects. 
Unloading is fully elastic. Tension is treated as elastic-perfectly-plastie at the tension cut­
off value. It allows the yield stress to be a function o f both volumetric strain rate and 
volumetric strain. Figure 4-2 shows the stress vs volumetric strain plots for different 
strain rates. Rate effects are accounted for by defining a table o f curves using define 
table. Each curve defines the yield stress versus volumetric strain for a different strain 
rate. The yield stress is obtained by interpolating between the two curves that bound the 
strain rate. To prevent high frequency oscillations in the yield stress, a modified 
volumetric strain rate is used when interpolating to obtain the yield stress.
o
1 -V
Figure 4-2 Rate effects are defined by a family o f curves giving yield stress versus 
volumetric strain where V is the relative volume. [11]
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4.3 Aluminum Honeycomb M aterial Properties 
The aluminum honeycomb used in the ARL airgun tests is a Hexcel 38. The 
material properties that would represent the physical behavior o f the aluminum 
honeycomb mitigator used in the air gun test is an important factor to be carefully 
defined. Deformation and crush o f aluminum honeycomb is composed o f three zones o f 
behavior as depicted in Figure 4-3. The first zone is an initial linear elastic response. The 
second zone is volumetric crushing and third zone is compaction. Compression tests were 
performed along the principle material direction (T- direction). Six specimens are tested 
statically in reference [7]. Figure 4-3 shows the compression results. A confined 
compression test was also conducted in reference [7] and the results are depicted in 
Figure 4-4. The solid line in Figure 4-4 is the stress-strain curve obtained from the 
dynamic test while the dotted line represents the average behavior. Here the three zones 
are clearly shown and are the ones used in determining the material parameters needed by 
material model in LSDYNA.
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14
12
10
8
o
< 6
LL
4
2
0
-------  h38t 1 - - - -  h38t 2
-------  h38t 3 ------  h38t 4
- - - - h38t_6 -------  h38t_7
-V"-------------- f
0.0
AL /  Lo
Figure 4-3 Normalized Load-Displaeement o f Hexeel 38 pcf compressed statically in the 
axial direction [7]
H38_06 3
Average Crush Strength: 7.18 ksi f  
Crush Efficiency: 64.4 %
0.4
AL/L
Figure 4-4 A Confined High Strain Rate Test o f the Hexcel 38 in the axial direction [7]
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Table 4-1 report the material parameters, extracted from the tests [7], and used in 
the LS-DYNA’s *MAT_CRUSHABLE_FOAM and *MAT_MODIFIED_ 
CRUSHABLE_ FOAM material respectively.
*HAT MODIFIED CRUSHABLE FOAM
$Honeycomb material
S# mid ro e pr tid tsc damp ncycle
36.0870E-10 15300.000 0.0 11.000000 50.000000 0.500000 1.000000
srclmt
l.OOOOE+20
*DEFINE_TABLE
5# tbid
ll| Strain rate
5# value Icid_____________
G.01000000
10.00000000 3
*DEFINE_CURVE
Icid sidr sfa sfo of fa offo dattyp
2 0 1.000000 1.000000 0.0 0.0
S# al ol
0.0 0.0
0.02000000 55.15999985
0. 63999999 60.00000000
0.99000001 4060.0000000
*DEFINE_CURVE
S# Icid sidr sfa sfo offa offo dattyp
3 0 1.000000 1.000000 0.0 0.0
U  al ol
0.0 0.0
0.02000000 82 .16000366
0.63999999 90.00000000
0.99000001 6000.0000000
Table 4-1 Material cards
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CHAPTER 5
RESULTS AND DISCUSSION
5.1 Physical Modeling of the Airgun Experiment 
The physical description o f the computational model is checked for accuracy by 
comparing the mass o f individual components with the reported mass o f these 
components in the experimental description. The mass of the simulated components is 
obtained from the D3HSP file. Table 5-1 below compares experimental and simulated 
mass for the critical components.
Part
LS-DYNA 
Part ID
FEM - Mass 
in Ton
FEM- Mass in 
kg
Experiment - 
Mass in kg
Projectile 1 2.87E-03 2.8651
Test Item 5 3.86E-04 0.3861
Projectile + 
Test Item = 3.2512 3.25
MEM 3 3.13E-02 31.3024 31.3
Catch Tube 4 1.48E-02 14.7729
Honeycomb
mitigator 2 1.11E-03 1.1068 1.1
Table 5-1 Comparison o f experimental and simulation mass o f airgun test components
36
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5.2 Comparison o f Analysis Procedures 
Lagrangian and Arbitrary Lagrangian and Eulerian (ALE) methods are used for 
simulating airgun test for flat strike face geometry of honeycomb material. Figure 5-1 
shows the ALE model for flat honeycomb model. In the ALE model the Eulerian 
elements (Air) are generated around the honeycomb material. The results obtained from 
the ALE and Lagrangian models are shown in Figure 5-2. The filtered acceleration plots 
(Figure 5-2) matches fairly well for both the eases. Table 5-2 gives the summary o f ALE 
and Lagrangian methods. CPU time for ALE formulation is 3 Hours and 40 min whereas 
for the Lagrangian formulation it is about 18 min. The peak acceleration for both the 
cases are almost identical. The Lagrangian formulation is used for all other cases.
Technique CPU time
Peak
Acceleration
in m/s^^
Peak 
Acceleration 
in ‘g’
ALE 3 hours 40 min L63E+05 16615.69
Lagrangian 18 min 1.70E+05 17329.25
Table 5-2 Comparison o f ALE and Lagrangian results
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Elements
rojectile
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Catch
Tube
Figure 5-1 ALE formulation for flat face honeycomb material model
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Figure 5-2 Comparison o f acceleration plots for ALE and Lagrangian formulation
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5.3 Effect of Honeycomb Material
Poisson’ Ratio
An important factor to be considered while using LS-DYNA crushable foam 
material models is the poisson’s ratio. The poisson’s ratio is the ratio of the lateral strain 
to the longitudinal strain. For an ideal foam material the poisson’s ratio is zero during the 
crush phase o f the stress-strain curve. During this time the foam material will not expand 
in the radial direction when compressive load is applied [28] and [29]. The initial elastic 
region o f the stress-strain curve, where the Poisson’s ratio is non-zero, has little effect on 
the large deformation response, and is ignored in the material model. Therefore while 
using crushable foam material model the poisson’s ration has to he zero. This is verified 
by impacting a cylinder on a crushable foam material model as shown in Figure 5-3. 
Eight cases are studied by varying the poisson’s ratio values of crushable foam material 
models. The poisson’s ratio values used are 0.0, 0.00001, 0.0001, 0.001, 0.01, 0.1, 0.2, 
and 0.3. The EEM models corresponding to these values are shown in Figure 5-3 (from 
left to right and top to bottom). As the poisson’s ratio is increased, the honeycomb model 
instead of compressing axially starts to severely expand in the radial direction, which 
does not correspond to the observed experimental behavior. Therefore the poisson’s 
ration has to be zero for crushable foam material model in LS-DYNA.
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S ubcase  1 : Time = Q.OQOuOl
S ubcase 1 ! Time = O.OOQ8QO
S u b case  1: T me = O.OOODOO
S u b case  1: Time = O.OuOauO
S u b case  1; Tune -  0.000000
S u b case  1: Time = 0.000800
S ubcase  1: Time = 0,000000
S u b case  1: Time = 0 000800
Figure 5-3 Eight models with poisson’s ratio ranging from 0 to 0.3 
Tensile Cut-off
Another parameter to be defined while modeling the crushable foam material 
model is the tensile cut-off value. It is important to use non-zero values for the tension 
cut-off to prevent the disintegration of the material under small tensile loads [13]. For 
high value o f tension cut-off the behavior o f the material will be similar in tension and 
compression. This value is taken as 75% of the compressive yield strength o f the 
honeycomb material.
5 .4  Air Gun Experim ent Sim ulation  
Air gun test simulation is carried out using LS-DYNA. The projectile is made to 
strike on aluminum honeycomb mitigator, during which the honeycomb mitigator 
absorbs most of the kinetic energy o f the projectile. The impact event is about 4
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
42
milliseconds. The analytical simulation o f the impact starts with an initial input velocity 
o f 90128mm/sec for the projectile. The lagrangian model simulation takes 23 minutes o f 
CPU time. The FEM model with aluminum honeycomb mitigator having double wedge is 
taken as reference for further simulations. When crushable foam material model is used 
for simulating honeycomb material, the response of the projectile is not accurate, that is it 
does not match with the experimental values [1]. There is a 20% reduction in peak 
acceleration o f the projectile. The reason is that, the crushable foam material model does 
not consider the effect o f strain rates. But when the modified crushable foam material 
model is used for aluminum honeycomb mitigator, the peak acceleration o f projectile is 
same as the experimental value [1] as it considers the strain effects.
— t Projectile
Tube
\  elocity -  90.12 m/sec
Eigure 5-4 FEM model for double wedge honeycomb
The response o f the projectile striking the honeycomb material is studied by 
plotting the displacement, velocity and acceleration on the top cover plate o f the
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projectile. A node at the junction of test plate and the top cover plate o f projectile 
cylinder body is considered for plotting all the results. This is shown in Figure 5-5. When 
the projectile strikes the honeycomb material, the honeycomb material absorbs part o f the 
kinetic energy by deforming plastically. The M omentum Exchange Mass (MEM) -a 
secondary energy-absorbing device absorbs the kinetic energy o f projectile by 
undergoing rigid body motion. After striking the honeycomb material, the projectile 
rebounds back with a velocity o f 10,000 mm/s.
All the data are 
measured 
corresponding 
to this node 
(16434) on the 
projectile 
(OBR).
Figure 5-5 Node on projectile for plotting the results
The displacement of projectile, honeycomb and MEM is shown in Eigure 5-6 for 
the double wedge striking face honeycomb material model. While modeling the air gun 
test an initial gap o f 10 mm is considered between the projectile and honeycomb material. 
The top and the bottom displacement o f honeycomb material are 36 mm and 3 mm 
respectively. Total length o f honeycomb material is 256.54 mm. Therefore the crushed
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length (deformation) o f honeycomb material is 33 mm for an initial length o f 256.54 mm. 
The average strain rate of crushing is 0.128 mm/mm-ms or 128 mm/mm-sec.
Z- D isplacem ent for Double W edge H oneycom b M aterial Model
MEM Displacement
■10-
Honeycomb material Bottom Displacement
■15
■20
■^25-
Honeycomb material Tip Displacement■35
40-
Projectile Displacement45
■50 ' — —
0.0005 0.0015 0.002 
Time in Sec
0.0025 0.00350 001 0.003 0 004
Figure 5-6 Displacement plot of projectile, honeycomb mitigator, and MEM
When a compressive load is applied on honeycomb material, tbe deformation 
along the length is not constant. The first layer of cells collapses completely and then the 
second layer collapses and so on. During the simulation o f the honeycomb material, the 
first layer o f elements compresses and then compression starts in the second layer. Three 
elements are considered for plotting the strain and strain rate. These elements are at the 
top (element ID -  15542), mid (element ID -  14892) and bottom (element ID -  15409) 
section o f the honeycomb material as shown in Figure 5-7. The strain vs time plot is
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shown in Figure 5-8. The strain for the element at the top of the honeycomb material 
(where the projectile strikes) is 1.12 mm/mm, where as for the elements at the mid and 
the bottom section is 0.02. This shows that the strain at the mid and bottom section o f the 
honeycomb material is negligible. The strain rate for these three elements is shown in 
Figure 5-9. The strain rate is computed by differentiating the strain plot. The peak strain 
rate for the top element is 7500 where as for the mid and top elements is 200.
• • ri
Figure 5-7 Honeycomb model showing elements for plotting strain rate
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Figure 5-8 Strain plot for honeycomb model
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Figure 5-9 Strain rate for honeycomb material
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The energy plot for the air gun test simulation is shown in Figure 5-10. The total 
energy is 1.32E+007 N-mm and is constant through out the simulation. This shows the 
conservation o f energy is satisfied. The kinetic energy, which is initially at 1.32E+007 N- 
mm drops down to 0.18E4-007 N-mm and at the same time the internal energy increases 
to l.lE + 007  N-mm. The hourglass energy is 0.05E+007 N-mm, which is less than 5% of 
the total energy.
1.4E+007
1.2E+007
Energy plots for Double Wedge Honeycomb Model
Kinetic Energy - Energy 
—  —Internal Energy - Energy 
Total Energy - Energy
Hourglass Energy ■ Energy
1E+007
E
 ^ 8E+006'
4E+006
2E+006
0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004
Time in Sec
Eigure 5-10 Energy plots
The response of the projectile for the crushable foam and modified crushable 
foam material models are shown in Figure 5-11. The acceleration plot is used for
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comparing the results for a double wedge honeycomb model. The crushable foam 
material model under predicts the peak acceleration on the projectile.
2E+008
1.5E+008:
(A 1E+008
g 5E+007
Acceleration for Crushable and Modified Crushable Foam Material Model
Modified Crushable Material Model
i ! .
1
Crushable Material Model
For Double Wedge Honeycomb material m xlci
-5E+007
-1E+008-
0.001 0.0015 0.002 0.0025 0.003
Time in Sec
0.0035 0.004
Figure 5-11 Acceleration of projectile for crushable foam and modified crushable foam 
material models
The acceleration plots of the air gun test experiment conducted at Army Research 
laboratory (ARL) are filtered at the frequency of 2500Hz. With the same frequency the 
simulation acceleration plots are filtered. The Figure 5-12 shows the filtered acceleration 
plot at a frequency o f 2500 Hz for the experimental [1], crushable foam and modified 
crushable foam material models. The modified crushable foam material model matches 
the values of experiment [1] fairly well.
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Comparision of Acceleration on Projectile
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— “ Modified crushable foam material mode
Crushable foam material model
Figure 5-12 Filtered aceeleration plots
Kinetic energy of the projectile is shown in Figure 5-13 for the crushable foam 
and modified crushable foam material models. The energy value from reference [1] is 
also plotted in the same plot. The modified crushable foam material model matches the 
values o f experiment [1] fairly well.
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Comparision of Kinetic Energy
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Figure 5-13 Comparison o f kinetic energy
5.5 Effect o f Strike Face o f Honeycomb Material on Projectile 
Response o f projectile for double wedge, flat, single wedge and pyramid shape- 
striking faces for honeycomb material are studied. The deformed shape o f these four 
honeycomb models is shown in Figure 5-14. The displacement, velocity and acceleration 
plots on the top cover plate of projectile are shown in Figures 5-15, 5-16 and 5-17. The 
acceleration plot is filtered for a frequency of 2500 Hz and is shown in Figure 5-18.
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Double wedge
Single wedge
Flat
Pyramid
Figure 5-14 Deformed shape of double wedge, flat, single wedge and pyramid shape 
honeycomb models
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Displacement of Projectile for Various Striking Face of 
Aluminum Honeycomb
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Figure 5-15 Displacement of projectile for various striking faces o f honeycomb
Velocity of Projectile for Various Striking Faces of 
Aluminum Honeycomb
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Figure 5-16 Velocity of projectile for various striking faces of honeycomb
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Acceleration Profile of Projectile for Various 
Striking Faces of Honeycomb
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Figure 5-17 Acceleration of projectile for various striking faces o f honeycomb
Acceleration plots of the projectile corresponding to double wedge, flat, single 
wedge and pyramid shape-striking faces of aluminum honeycomb mitigator are shown in 
Figure 5-17. The peak acceleration of the projectile in case o f flat face of honeycomb is 
significantly higher when compared to other three cases.
The experimental [1] acceleration plots are filtered at 2500 Hz. With the same 
frequency the simulation acceleration plots are filtered and the peak acceleration is same 
for all the cases as shown in Figure 5-18. This shows that the peak acceleration values of 
the projectile in case o f flat striking face honeycomb mitigator are at high frequency 
levels.
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Filtered Acceleration Profile of Projectile at 
2500 Hz
2.00E+08
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• Double wedge • Flat Single wedge ■ Pyramid Experimental
Figure 5-18 Acceleration of projectile for various striking faces o f honeycomb when 
filtered at a frequency o f 2500 Hz
Strike face 
Geometry of 
honeycomb 
material
Displacement 
of projectile 
in mm
Peak 
Acceleration 
Altered at 
2500 Hz in
m/s^^
Peak 
Acceleration 
filtered at 
2500 Hz in
‘g’
Experiment 
acceleration 
in ‘g’
Double wedge 46 1.7E+05 17329
18348Flat 35 1.73E+05 17635
Single Wedge 48 1.7E4-05 17329
Pyramid 55 1.74E4-05 17737
Table 5-3 Comparison of displacement and peak acceleration of the projectile for various
strike face geometry o f honeycomb
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5.6 Varying the Mass o f Mass Energy M omentum (MEM)
MEM is a secondary energy-absorbing device in the air gun test set-up, which 
absorbs the kinetic energy of the projectile by undergoing rigid body displacement. 
Initially MEM mass is considered to be 31.3 Kg. Ten FEM models are developed for 
increasing MEM mass from 31.3 Kg to 41.3 kg with an increment o f 1 Kg. Variation in 
MEM mass has least effect on the response o f the projectile. This can be seen in 
displacement, velocity and acceleration plots of the projectile in Figures 5-19, 5-20 and 
5-21.
Displacement of Projectile for Varying Mass of MEM
0.00
- 10.00
F o r  M E M  m a s s  o f  4 1 . 3  K p
■ -  - 20.00  -
-30.00
Q.
-40.00 -
F o r  M F .M  m a s s  o f  31 3  K p
-50.00 4-------
O.OOE+00 4.00E-031 .OOE-03 2.00E-03 3.00E-03
Time in s e c
Figure 5-19 Displacement of projectile for varying the MEM mass
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Velocity of Projectile for Varying the MEM Mass
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Figure 5-20 Velocity o f projectile for varying the MEM mass
Acceleration of Projectile for Varying the Mass of MEM
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Figure 5-21 Acceleration of projectile for varying the MEM mass
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Aceeleration Profile of Projectile Filtered at 2500 Hz
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Figure 5-22 Acceleration of projectile for varying the MEM mass filtered at 2500 Hz
The mass o f MEM has the least effect on the response o f the projectile o f all the 
variables studied. This can be seen in the Figure 5-22. When the projectile strikes the 
honeycomb material, the honeycomb deforms plastically and within 1ms, the projectile 
starts to move in backward direction, that is the projectile rebounds. The MEM starts to 
respond only after 1ms.
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5.7 Varying the Yield Strength of Honeycomb for Double W edge Model 
Yield strength o f honeycomb material is one o f the factors, which affects the 
response o f projectile. The stress versus strain plot of honeycomb material has three 
regions -  the initial elastic, the volumetric crush region and the final compaction region. 
M ost o f the energy absorption takes place in the volumetric crush region.
The initial yield strength of honeycomb material is taken as 55.16 N/mm^ for a 
strain o f 0.02 [7]. These values correspond to strain rate of 0.01 mm/mm-s. For a strain 
rate o f lOmm/mm-s the yield stress value approximated as 82.16 N/mm^ [4]. These 
values are shown graphically in Figure 5-23.
<
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E
Î
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100
80
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% 40
20
Stress - strain plot
0.2 0.4 0.6
Strain
0.8
■Strain rate - 0.01 ■strain rate - 1 0
1.2
Figure 5-23 Stress versus strain plot for 0.01 and 10 strain rate
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Nine iterations are carried out for double wedge honeycomb material model using 
modified crushable foam model. The stress and strain values used in nine iterations are 
tabulated in Table 5-4. The honeycomb m aterial’s yield stress value is increased by 4 
N/mm^ for every iteration. Matlab is interfaced with LS-DYNA solver for iterative 
solving. The M atlab code rewrites the LS-DYNA .k file with new values for honeycomb 
material properties.
The displacement, velocity and acceleration o f the projectile for different yield 
strength o f honeycomb material are shown in Figures 5-24, 5-25 and 5-26.
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Strain rate - 0 .01 /s Strain rate - 10/s
STRAIN STR ESS STRAIN ST R E SS
1st iteration 0 0 0 0
0.02 55.16 0.02 82.16
0.64 60 0.64 90
0.99 4060 0.99 6000
2n d  iteration 0 0 0 0
0.02 59.16 0.02 86.16
0.84 64 0.64 94
0.99 4060 0.99 6000
3rd iteration 0 0 0 0
0.02 63.16 0.02 90.16
0.64 68 0.64 98
0.99 4060 0.99 6000
4th iteration 0 0 0 0
0.02 67.16 0.02 94.16
0.64 72 0.64 102
0.99 4060 0.99 6000
5th iteration 0 0 0 0
0.02 71.16 0.02 98.16
0.64 76 0.64 106
0.99 4060 0.99 6000
6th iteration 0 0 0 0
0.02 75.16 0.02 102.16
0.64 80 0.64 110
0.99 4060 0.99 6000
7th iteration 0 0 0 0
0.02 79.16 0.02 106.16
0.64 84 0.64 114
0.99 4060 0.99 6000
8th iteration 0 d 0 0
0.02 83.id 0.02 110.16
0.64 88 0.64 118
0.99 4060 0.99 6000
9th iteration 0 0 G 0
0.02 87.16 0.02 114.16
0.64 92 0.64 122
0.99 4060 0.95 6000
Table 5-4 Stress and strain values of honeycomb material for nine iterations
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Displacement of Projectile for Increasing the Yield Strength of
Honeycomb
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Figure 5-24 Displacement of projectile for varying the yield strength o f honeycomb
Velocity of Projectile for Increasing the Yield Strength of 
Honeycomb
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Figure 5-25 Velocity of projectile for varying the yield strength o f honeycomb
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Aceeleration of projectile for increasing the Honeycomb
yield strength
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Figure 5-26 Acceleration o f projectile for varying the yield strength of honeycomb
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Acceleration of Projectile Filtered at 2500 Hz
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Figure 5-27 Acceleration of projectile filtered at 2500 Hz
Yield strength o f honeycomb material plays an important role in the response of 
the projectile during air gun test. This is evident from the Figure 5-27. The peak 
acceleration o f the projectile is proportional to the yield strength o f honeycomb material. 
Therefore by controlling the yield strength o f honeycomb material, the desired response 
of the projectile can be achieved. Also the yield strength of the honeycomb material is 
proportional to the density o f the material. Therefore by varying the density o f the 
aluminum honeycomb material, the similar response for the projectile can be achieved.
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Yield Strength 
of Honeycomb 
Material in 
Mpa
Peak 
Acceleration in
m/s^^
Peak 
Acceleration in 
‘g’
55.16 1.650E+05 16819.57
59.16 1.718E+05 17512.70
63H6 1.787E+05 18216.10
67.16 1.856E4-05 18919.46
71.16 1.925E+05 19622.80
75.16 1.993E+05 20316.00
79T6 2D62E+05 21019.36
8346 2.131E+05 21722.73
8746 2.200E+05 22436.28
Table 5-5 Peak acceleration o f the projectile for increasing yield strength o f honeycomb
material
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CHAPTER 6
CONCLUSIONS AND EUTURE WORK
6.1 Conclusion
Lagrangian method is developed to simulate the air gun launch environment in 
which, the projectile along with the OBR is fired on the honeycomb mitigator and this 
causes the projectile to decelerate. The MEM translates as a rigid body by absorbing 
some of the kinetic energy o f the projectile. The Lagrangian method is simple to setup 
and requires less computational time. The Arbitrary Lagrangian and Eulerian method 
requires more computational time. When the mesh distortion is more the Lagrangian 
method may not be numerically stable. This is the disadvantage of Lagrangian method. In 
the air gun test simulation, the mesh distortion is less. Therefore Lagrangian method 
predicts the response o f the projectile to a good accuracy.
The crushable foam and modified crushable foam material models are able to 
simulate the behavior o f honeycomb material. The crushable foam model under predicts 
the peak acceleration because strain rate effect is not considered in this material model. 
Modified crushable foam model exactly predicts the peak acceleration o f the projectile as 
it considers the strain rate effect. The results obtained from using the modified crushable 
foam material model matches with experimental values with good accuracy. Similar FEM 
modeling techniques can be used for future air gun test simulation with confidence.
65
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The strike face geometry o f the honeycomb material affects the response o f the 
projectile. The flat striking face o f honeycomb material transmits high peak acceleration 
to the projectile. The MEM  mass has least effect on the response o f the projectile for the 
range o f MEM  mass of 31.3 kg to 41.3 kg. The yield strength of the honeycomb material 
has significant effect on the projectile. By increasing the yield strength of honeycomb 
from 55.16 N/mm^ to 87.16 N/mm^ there is an increase in peak acceleration by 40%, 
displacement increases by 12% and final velocity increases by 50%. Therefore by 
varying the yield strength o f honeycomb material the desired response for the projectile 
can be achieved. By carefully selecting the above-mentioned variables any type o f air gun 
test can be simulated.
6.2 Future W ork
1. The projectile is a hollow aluminum cylinder. We are able to simulate the impact 
o f this projectile on an aluminum honeycomb material and study the response of the 
projectile. The future work in this task is to study the effect of potting material such as 
epoxy or micro spheres inside the projectile (aluminum cylinder). These materials absorb 
some o f the shock, which the projectile encounters while impacting on the honeycomb.
2. At present air gun simulation in LS-DYNA is carried out using 
*M AT_CRUSHABLE_FOAM and *M A T _M O D inED _ CRUSHABLE_FOAM 
material cards for aluminum honeycomb material. The latter card is best suited for 
predicting peak acceleration. In addition to these cards LS-DYNA has two more material 
cards - *MAT HONEYCOMB and *MAT MODIFIED HONEY COMB which
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considers the effect o f anisotropy for honeycomb materials. These two cards need to be 
verified for air gun simulation.
3. In the present air gun simulations, the projectile is assumed to be a cylinder and
this cylinder is made to strike on the aluminum honeycomb material to study the response 
o f the projectile. This is a simplified model o f projectile. Future work in this task is to 
generate an actual projectile for studying the response o f the projectile.
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APPENDIX - SAMPLE INPUT FILE
* KEYWORD
$$  HM_OUTPUT_DECK c r e a t e d  0 0 : 0 2 : 2 1  0 6 - 1 3 - 2 0 0 4  b y  H y p e r M e s h  V e r s i o n  6 . 0  
$ $  L s - d y n a  I n p u t  D e c k  G e n e r a t e d  b y  H y p e r M e s h  V e r s i o n  : 6 . 0  
$ $  G e n e r a t e d  u s i n g  H y p e r M e s h - L s - d y n a  T e m p l a t e  V e r s i o n  : 6 . 0  
* CONTROL TERMINATION
ENDENG$$ ENDCYC DTMIN ENDMAS
NREFUP
0
SLNTEN
lACCOP
0
RYLEN
O PIFS  
0 . 0
ENDTIM 
0 . 0 0 3
* CONTROL_OUTPUT 
$ $  NPOPT NEECHO
0 0
5 0 0 0
* CONTROL_ENERGY 
$ $  HGEN RWEN
2
$$DATABASE_OPTION - -  C o n t r o l  C a r d s  f o r  A S C II  o u t p u t
* DATABASE_NODOUT
l . O O O O E - 0 6
* DATABASE_ELOUT 
l .O O O O E -0 5  
*DATABASE_GLSTAT 
1 . OOOOE-05 
*DATABASE_MATSUM 
1 . OOOOE-05
*DATABASE_BINARY_D3PL0T
$ $  DT/CYCL LCDT BEAM NPLTC
6 . OOOOE-05
*NODE
1 - 2  3 . 0 9 1 7  9 5 2  5 8 3 2 9 - 2  9 . 8 3 8 4  0 6 6 8 7 3 2  9 9 2 . 8 0 2 7 5 7 2 4 4 3 2 4 9
2 - 3 8 . 1 5 7 0 9 7 6 5 6 3 0 2 - 3 0 . 9 0 6 1 7 8 6 2 4 9 8 4  8 6 . 3 8 5 8 1 5 5 9 3 3 6 6  
3 - 3 4 . 7 2 8 4 0 3 1 8 7 3 2 - 3 4 . 7 3 0 7 4 4 3 3 3 1 7 3 7 9 . 9 9 7 1 5 7 2 0 1 1 5 3 2  
4 - 2 2 . 5 6 1 0 5 1 8 0  9 1 2 9  - 1 6 . 9  9 2 1 1 8 1 0 6 0 5  8 4 . 4 8 7  0 1 9  93 72 6 02
IPNINT
0
IKEDIT
10 0
1 9 8  7 1 1 6 . 5 7 0 8 9 6 4  0 5 5 1 4 2 - 1 . 3 3 9 9 2 5 4 3 8 E - 1 4 8 6  . 8 9 6 0 3 6 4 0 1 1 4 8 4  
1 9 8  7 2 4 4 . 3 2 9  5 2 2 6 9 7 1 5 6 2 1 0 . 1 6 1 1 6 6 8 2  0 1 6 0 6 6 8  . 0 4  6 8 2 5 4 4  8 1 8 4  5 
*MAT_PLASTIC_KINEMATIC  
$HMNAME MATS l m a s s _ o b r
1 4 . 0 0 4 3 E - 0 9  7 2 0 0 0 . 0  0 . 3  5 0 5 . 0
*MAT_PLASTIC_KINEMATIC  
$HMNAME MATS 2 m a t _ c o v e r
2 7 . 8 1 0 0 E - 0 9  2 1 0 0 0 0 . 0 0 . 3 1 0 0 0 . 0
*MAT_RIGID
$HMNAME MATS 4 m a t_ M E M _ R ig id
4 1 . 0 4 9 0 E - 0 7  2 1 0 0 0 0 . 0
1 . 0
0 . 3
68
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$ *MAT_CRUSHABLE_FOAM
$HMNAME MATS 3mat_HC
$ 3 , 6 . 0 8 7 O E - 1 0 , 3 0 0 0 . 0 , 0 . 0 0 0 , 2 , 1 0 , 0 . 1
$ $ $ $ $ $ $ $
*MAT_MODIF IED_CRUSHABLE_FOAM 
$ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $ $
3 , 6 . 0 8 7 0 E - 1 0 , 3 3 0 0 0 , 0 . 0 0 0 , 1 1 ,  1 0 , 0 . 0 5  
l . E + 2 0
$$$ $$$ $$ $$ $
*DEFINE_TABLE
11
1
1 0 0
$ 1 0 0 0
*DEFINE_CURVE 
$HMNAME CURVES 
$HMCOLOR CURVES
, 1 2
$HMCURVE
0 
0 . 0 
0 . 01  
0 . 64  
0 . 9 9
2 c u r v e 2  
2 1 
0 c u r v e 2
1 . 0 1.0 
0 . 0 
5 5 . 1 6  
6 0 . 0  
1 0 6 0 . 0
0 . 0 0 . 0
*DEFINE_CURVE 
$HMNAME CURVES 
$HMCOLOR CURVES 
$HMCURVE 1
2 c u r v e 2  
2 1 
0 c u r v e 2
0 
0 . 0  
0 . 01  
0 . 6 4  
0 . 99
1 . 0 1 . 0 
0 . 0 
6 5 . 16  
80  . 0 
1 0 6 0 . 0
0 . 0 0 . 0
*DEFINE_CURVE 
$HMNAME CURVES 
$HMCOLOR CURVES 
$HMCURVE 1
$ 4
$
$
$
$
$
$
$
♦PART
$HMNAME COMPS 
$HMCOLOR COMPS
2 c u r v e 2
2
0 c u r v e 2  
0 
0 . 0  
0 . 0 0 5  
0 . 02 
0 . 6 4  
0 . 9 9
l c_ O B R
1
1 . 0 1 . 0 
0 . 0 
2 5 . 7 5  
7 0 . 1 6  
9 0 . 0 
4 0 6 0 . 0
0 . 0 0 . 0
$HMNAME COMPS 
$HMCOLOR COMPS
$HMNAME COMPS 
$HMCOLOR COMPS
2c_HC
2
3 c  MEM 
3 11
$HMNAME COMPS 
$HMCOLOR COMPS
4 4
4 c  c o v e r  
4 9
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$HMNAME COMPS 
$HMCOLOR COMPS
5 C _ p l a t e _ 0 B R  
5 2
*SECTION_SHELL  
$HMNAME PROPS 
1
2 0 . 0  2 0 . 0
$HMNAME PROPS
5 0
1 2 . 7  1 2 . 7
*SECTION_SOLID  
$HMNAME PROPS 
2
$HMNAME PROPS
3
$HMNAME PROPS
4
* INITIAL_VELOCITY  
$HMNAME LOADCOLS 
$HMCOLOR LOADCOLS 
3
♦SET SEGMENT
lprop_C O V E R
0
2 0 . 0  2 0 . 0
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